We investigated the parameters that could affect the cytophotometric analysis of cell nuclei stained by the Feulgen reaction. These parameters included: the hydrolysis temperature (in the normal "room temperature" range); the composition of the S C W s teagent; the speed of centrifugation of the cell suspensions; the mode of preservation [air-drying or ethanol-formalin-acetic acid (EM) fmtion]; the fmuon time; the pronase digestion time; and the concentration of pronase used to obtain cell suspensions from archival (formalin-fired, pataffin-embedded) materials. Relatively homogeneous material was studied: the MXT mouse mammary adenocarcinoma growing in vivo as tumors with both small and hyperchromatic cell nuclei and in vitro as monolayers with larger and less hyperchromatic cell nuclei. The results of these investigations demonstrate the necessity for the precise definition of a protocol for such procedures
Introduction
As reported by Schimmelpenning et al. (l), DNA cytometry plays an important role in the evaluation of tumor aggressiveness and can add valuable information to the histopathological grading and clinical staging of the disease. Hedley and colleagues (2) made the important discovery that formalin-fixed, paraffin-embedded archival material can be analyzed by flow cytometry. The use of archival samples for which long-term clinical follow-up data are available makes it possible to establish a correlation between the DNA ploidy patterns of tumors and the known clinical outcomes. This application of the analysis of the nuclear DNA content of archival materials by using static cytometry has also been proposed by Van Driel-Kulker et al. (3) . Unfortunately, since the publication of the as sampling, fmtion, and staining of cell nuclei ifcomputerized cell image analyses are to be objective and reproducible. For present purposes this protocol differs depending on whether fresh or archival material is studied. For fresh tissue the protocol is immersion of the sample in EFA within 10 sec, fmtion for 30 min, and staining by the Feulgen reac-, tion in which hydrolysis is performed with 6 N HCl at 24'C for 60 min. For archival tissue, the protocol becomes fmtion in formol (or EM), embedding, sectioning at 80 pm, digestion with 0.05% pronase for 2 hr, centrifugation at 1200 reports by Hedley et al. (2) and Van Driel-Kuker et al. (3) , investigators in the field simply state that they have used a "similar" rather than an identical methodology.
In static cytometry, the reaction published by Feulgen and Rossenbeck in 1924 (4) is used for quantitative analyses of nuclear DNA content. It is generally agreed at present that under carefully controlled conditions the Feulgen reaction can be used for the stoichiometric determination of DNA (1,540). As reported by Schimmelpenning et al. (1) and Giroud and Montmasson (7). over the years a considerable number of systematic investigations have been directed at the variables that might influence the Feulgen reaction (for review see 10). These variables include fixation conditions, the temperature of staining baths, the composition of staining solutions, hydrolysis time, and the hydrochloric acid concentration (1,7,10). The concentration of the enzymes used to obtain cell suspensions and the centrifugal force with which the cells are spun onto glass slides (before staining) may also significantly influence the results.
In our laboratory, 1000-2000 human tumors are studied by static cytometry each year. The precise methodology used to prepare samples of such material for Feulgen cytophotometry was the object of the present study. The following parameters were considered: hydrolysis temperature in the range included in the term "room temperature"; the composition of the Schiff s reagent; the speed of cytocentrifugation; the means used to preserve the samples, i.e., drying or fixation in ethanol-formalin-acetic acid (EFA); the fixation time; the pronase digestion time; and the pronase concentration used to obtain cell suspensions from archival material. To limit the influence of the tissue origin as much as possible, a relatively homogeneous material was used: the MXT mouse mammary adenocarcinoma, initially developed to grow in vivo (11) and further adapted to grow in vitro (12). The nuclei of cells grown in vitro are larger and less hyperchromatic than those of cells grown in vivo.
Materials and Methods

Cell Orzgin and Mode of Preparation of the Samples to Be Analyzed
The original MXT mammary tumor of the C57BIx DBA/2f/F1 mouse suain is a transplantable SC model initially developed by Watson et al. (11) and further adapted to grow in vitro (12) . Both types of MXT cells, i.e., those arising from in vivo tumors as well as from in vitro cultures, were studied either as "fresh" or "archival" materials. The fresh samples from in vivo tumors came from fine-needle aspirates (FNA) which were smeared onto slides and fixed in EFA (by volume, 10 mm3 in volume 75:20:5 of 96% ethanol:40% neutral formo1:acetic acid). The concentration of formaldehyde in the final EFA mixture was 3.6 M. It was neutralized by means of a saturated K2HP04 solution. The fresh in vitro material consisted of MXT cells directly cultured on glass coverslips, as described previously (13) . The archival materials consisted of in vivo MXT tumor pieces ( i 50 mm') or in vitro pellet cultures fixed in EFA for 48 h, paraffin-embedded, sectioned at 80 pm, enzymatically digested to obtain cell suspensions, cytocenuifuged, and then Feulgen stained (see below). The cells were removed from coverslips by a plastic policeman and were centrifuged at 1000 x g for 10 min to obtain the pellets that were thereafter fixed and processed as described above.
Descri)tion of the Cell Image Processor and the Computed Parameters
The cell image andyses were performed with a SAMBA 2005 (Alcatel-TITN; Grenoble, France) image processor whose first commercially available version, the SAMBA 200 system, was described by Brugal and colleagues (14) . The present apparatus is equipped with a Leitz Diaplan microscope and a black and white Sony CCD camera.
Five slides were analyzed per experimental condition with respect to each of the protocols described below, and the nuclear images of about 250-300 cells were analyzed per slide. The system allows 15 parameters to be described quantitatively (13) . These parameters relate to morphometric (nuclear size), densitometric (nuclear DNA content), and textural (chromatin heterogeneity, distribution, and organization) features. Six of these parameters were used in the present work the "nucleus area" (NA), a morphometric parameter which corresponds to the area of the nuclear profile (i.e., the number of pixels occupied by the nucleus); the integrated optical density (IOD), a densitometric parameter which is related to the total DNA content (i.e., the sum of the OD values of each pixel); and four textural parameters: the short-run length (SRL) emphasis, the longrun length (W) emphasis, the local mean (LM) of the co-occurrence matrix, and the contrast (C). The SRL and LRL are. respectively, representative of the frequency of the small and large clumps of dense chromatin within the nucleus. LM is representative of the overall condensation level of the chromatin, while C is representative of nucleus hyperchromatism. Specifically, C is a measure of the number of boundaries between nuclear regions of different extinction values. It increases with the number of dense and well-separated chromatin clumps. The SRL and LRL parameters are calculated from the length section matrix (15) . while LM and C are calculated from the stochastic co-occurrence matrix (16) .
A x 100 lens (NA 1.30) was used. Morphonuclear parameters were computed on each pixel (0.16 pm2) on 256 densitometric levels.
Experimental Schedule
The same hydrolysis strength (6 N HCI) and the same duration of hydrolysis (60 min) were used throughout the study because the effects of these two parameters are well described in the literature. However, the influence of what is commonly reported as "room temperature" (c. 20-26T) was investigated in the present study.
Influence of Hydrolysis Temperature and Composition of the Schiff's Reagent (Basic Fuchsin as Opposed to Pure Pararosanilin). The Schiff's reagent was prepared as described by Teichman and colleagues (9) . The basic fuchsin (Fuchsin Basisch Hydrodorid, basic red 9,EW.323.83) was obtained from Aldrich-Chemie (Bormem, Belgium), and "pure" pararosanilin was obtained from Bayer (Olen, Belgium). The experiments were performed on fresh MTX materials: in viuo cultures and in vivo FNAs smeared onto slides. The in vivo smears were dried for 10 min before fixation. Both preparations were then fixed for 30 min in EFA. Fresh in vivo and in vitro MXT cells were also used to determine the effects of varying the temperature of hydrolysis from 2O'C to 40'C in increments of 2'C.
Influence of Tissue Origin. Fresh in vivo (10 mm3 samples of tumor, smears dried 10 sec before fixation) and in vitro (cultured and pelleted cells) MXT tissue fixed for 30 min in EFA was compared with archival MXT tissue, i.e., the same MXT tissues as described above, which had been embedded in paraffin after EFA fixation, sectioned at 80 pm, digested by 0.05% pronase for 2 hr, and cytocentrifuged (1200 x g) onto slides. The influence of "room temperature" (ranging from 20-26'C) was also investigated. The Feulgen reaction was carried out with 6 N HCI for 60 min and a Schiff's reagent prepared from basic fuchsin (see above).
Influence of Cytocentrifugal hm. The influence of the speed of cytocentrifugation (600, 900, 1200, 1500, and 1800 x g for 10 min) was investigated on cytospin preparations obtained from archival in vivo and in vitro MXT tissues. Hydrolysis was performed at 24'C in 6 N HCI for 60 min. and the Schiff's reagent was prepared from basic fuchsin.
Influence of Sample Air-Drying Times. Fresh in vivo MXT FNAs were smeared on glass slides and the air-drying times before the 30-min EFA fixation procedure were 24 hr, 1 hr, 10 min. 1 min, 10 sec, and <3 sec. The seventh condition involved air-drying for 24 hr without EFA fixation before Feulgen staining. The Feulgen reaction was carried out as above.
Influence of Fixation Time. Both fresh in vivo (FNAs) and in vitro (cultures) MXT cell nuclei were used. The histological slides were fixed for l, 10,20,30, or 45 min, for 1, 2,6, 12, or 24 hr, and for 1 week in EFA fixative before the Feulgen reaction wac carried out as above. Preparations were dried for 10 min before fixation.
Influence of Duration of Pronase Digestion. In vivo archival MXT material from 10-mm3 tumor samples was fixed for 24 hr in EFA, dehydrated, paraffin-embedded, sectioned at 80 pm, and subjected to digestion with 0.05% pronase (dissolved in distilled water) for 30 min, 1, 2, 4, 6, or 12 hr. The cell suspensions were cytocentrifuged at 1200 x g and the Feulgen reaction was performed as above. (black dots and squares), i.e., the same MXT tissues as described above that had been paraffin-embedded after the EFA fixation, digested by 0.05% pronase for 2 hr, and cytocentrifuged (1200 x g) onto slides. The influence of "room temperature," ranging from 20-26%, was also investigated. Hydrolysis was carried out with 6 N HCI for 60 min. Basic fuchsin was used in the Schiffs reagent. and contrast (C) values in the former (Figure 1 ). Increasing the hydrolysis temperature by increments of 2°C did not lead to a temperature-dependent "dose-response" curve in the four morphonuclear parameters under study: the mean values remained at relatively constant levels in the 20-26°C range ( Figure  1) . However, even in this narrow temperature range, but only for in vivo pararosanilin, some significant (p<O.Ol) differences emerged, as was the case with regard to the mean C value recorded at 22°C as opposed to the one recorded at 26°C (Figure 1) . In contrast to 
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Influence of Essue Origin
As indicated in Figure 2 increased from 20°C to 26°C when they were from in vivo archival materials, whereas they decreased significantly (p<o.OOl) under the same experimental conditions when they were from fresh in vivo materials ( Figure  2) . The fresh in vivo material shown in Figure 1 (open squares) did not exhibit decreases in mean SRL and C values in the temperature range 20-26°C. Let us recall that the results from Figure 1 correspond to materials dried for 10 min, whereas those from Figure 2 correspond to materials dried for 10 sec. This was not observed with in vitro materials, for which the mean SRL and C values remained at relatively constant levels (Figure 2) . However, the archival materials from in vitro cultures (Figure 2 , black dots) exhibited cell nuclei that were dramatically (p<O.Ool) more hyperchromatic (see mean C and SRL values) than those from fresh in viuo materials (Figure 2, open dots) . weak
Influence of Cytocentrfugd Force
Variation in cytocentrifugal force from 600 to 1800 x g did not significantly (pX.05) modlfy the mean values of any of the six morphonuclear parameters under study, whatever the tissue origin ( Figure 3 ).
Influence of Air-drying and Fixation Times
The air-drying time of the fine-needle aspirates greatly affected
. . . . the results obtained ( Figure 4) . The immediate immersion of the samples in the EFA fixative (10 sec or less after the smearing procedure) rendered the MXT cell nuclei significantly (p<O.oOl) smaller and more hyperchromatic than those of samples that were air-dried for more than 10 sec (Figure 4) . The IOD values were not significantly (except IODllO sec = p<0.005) affected by drying. Similarly, air-drying for more than 10 sec did not modify the results any further, even when the samples were not submitted to EFA fixation (Figure 4, black stars) . Whether the cell nuclei were from in vivo tumors ( Figure 5 , black dots) or from in vitro cultures (open dots), the duration of fixation in EFA did not lead to significant differences in the mean values of the morphonuclear parameters under study. 
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Influence of Pronase Concentration ana' Digestion Time
In sharp contrast to longer periods of digestion with 0.05% pronase, digestion for periods varying from 30 min to 2 hr did not significantly (p>0.05) mod+ the mean values of the six morphonuclear parameters under study ( Figure 6 ). As indicated, the mean NA values significantly (p<O.OS top<0.001) decreased after digestion by 0.05% pronase for 4 hr as opposed to 2 hr. Similarly, the mean IOD value significantly (p<O.Ol) increased after a 4-hr digestion period as opposed to 2 hr. With regard to the textural parameters, increasing the digestion period to 4 hr led to an increase in nuclear hyperchromatism, as demonstrated by increases in mean W, LM, and C (but not until 12 hr) values ( Figure 6 ). 
PRONASE CONCENTRATION
An increase in the pronase concentration during a 2-hr digestion period also led to increases in nuclear hyperchromatism and integrated optical density, as well as to a decrease in nuclear area (Figure 7) .
Discussion
The quantitation of DNA can furnish valuable information on the aggressiveness of certain types of cancer. In cancers of the bladder (17), the ovary (18) , and the colon (19) , for example, it has been shown that aneuploid tumors are usually more aggressive than diploid tumors in terms of their clinical evolution. The reverse has been observed in the case ofcertain infant (20) and adult (21) brain tumors. It is clear from these results that the quantitation of DNA can have important clinical applications and that the development of reproducible methodology seems essential, as recommended by previous investigators (22, 23) .
In addition to the parameters related to DNA quantitation, the parameters related to chromatin texture can also provide valuable information. For example, it is known that the chromatin of cells derived from breast tumors that possess large numbers of estrogen receptors is more finely textured than that of tumors in which estrogen receptors are either undetectable or very rare (24) . Neoplastic mouse mammary cells and human bladder cells that are resistant to chemotherapy possess features that appear to be linked to their resistant state rather than to their tissue of origin or to the drug used to induce resistance: the cells have smaller nuclei and lower optical densities than normal cells, and their chromatin displays pale areas and some hyperchromatic clumping (13) . Nuclei of MXT cells subjected to radiotherapy are larger in area and con-tain less condensed chromatin than the nuclei of control MXT cells (25) .
At the present time, flow cytometry and static cytophotometry are two important technologies that make possible the quantitation of DNA and other features of chromatin. The latter technique is based on the Feulgen reaction in which DNA reacts stoichiometrically with basic fuchsin or pararosanilin. Many workers have shown that cytophotometric results are strongly influenced by the way samples are taken (2,3,26) , by the fixation procedure (7,8,22) , and by the intrinsic features of the Feulgen reaction (10). The present work was directed at clarifying the influence of the technique for obtaining cell suspensions from archival materials, i.e., from EFA-fuced, paraffin-embedded tissues. Factors considered were the concentration of pronase, the duration of pronase digestion, the cenuifugation speed, and certain parameters specific to Feulgen staining, such as hydrolysis temperature and the composition of the Schiff's reagent. Other parameters were the possible effects of fixation and the time of fixation. These experiments were performed with a single biological model, the MXT mouse mammary adenocarcinoma (ll), in two "variant phenotypes": tumors growing in vivo (11) and in in vitro monolayer cultures (12J3). The results revealed that cell nuclei from in vivo tumors were smaller than those from in vitro cultures; in addition, they had a totally different chromatin texture that was more granular and therefore more hyperchromatic. The above-mentioned parameters were studied in a population of cell nuclei in which biological heterogeneity was as limited as possible (27) despite great phenotypic variability (28) .
Since the influence of the type of fixative fluid used for the cytophotometric analyses has been presented in a previous publication (27) it was not reexamined, and the EFA fixative was used throughout. On the other hand, certain parameters in the Feulgen reaction were examined despite the considerable documentation on them (8-10,29-33 ). With regard to the first step in the Feulgen reaction, a strategy was chosen that maximizes the security of the sample, i.e., hydrolysis in 6 N HCI for 1 hr at "room temperature" (24°C). This procedure is less dangerous to the sample than the use, for example, of 6 N HC1 for 5 min at 60°C, in which an error of 1 min will influence the results much more (34) than the use of 6 N HC1 at room temperature (27) . It was of interest, nevertheless, to determine the possible effects of room temperature, which can easily vary from 18'C to 30'C depending on the season and the air conditioning in different laboratories. The results revealed that the morphonuclear parameters did not give a dose-response curve with increasing temperature. However, differences in results were observed on fresh in vivo samples presented in Figures 1 and  2 . The values of SRL and C declined strongly with temperature increases in Figure 2 , but they did not exhibit similar changes in Figure 1 . Samples represented by open squares in these two figures differed only with respect to air-drying duration, i.e., 10 min in Figure 1 and 10 sec in Figure 2 . Although the results were not sig nificantly modified by a change in temperature from 22°C to 26"C, it is nevertheless preferable to standardize the temperature (at 24"C, for example) because variations can appear even in the 22-26°C range, as in the case of the C parameter describing hyperchromatism (see Figure 1) .
Another factor of great importance in the Feulgen reaction is the composition of the basic fuchsins used for preparing the Schiff's reagent. Both Teichman and colleagues (9) and others (35,36) report that such basic fuchsins are variable mixtures of four triaminotriphenylmethane dyes: pararosanilin (magenta o), rosanilin (magenta I), magenta 11, and new fuchsin (magenta 111). These dyes differ in the degree of methylation oftheir aminophenyl groups (37) and stain with different intensities when prepared from different batches. Teichmann et al. (9) further report that it has been determined that the complex formed by pararosanilin-Schiff's reagent and hydrolyzed DNA has a lower absorption rate than do corresponding complexes formed by Schiff's reagents prepared from magenta I1 or new fuchsin. In the present work, an "impure" Schiff's reagent prepared from basic fuchsin was compared with a "pure" reagent prepared from pararosanilin. The color intensity produced with pararosanilin was much greater than that produced with basic fuchsin, and the values obtained for optical density and textural features (SRL., C) were higher in pararosanilin-stained groups than in respective groups stained with basic fuchsin. Nevertheless, in practical terms both of these Schiff's reagents are acceptable for use because they yield similar qualitativc results (Figure 1) . The other factors analyzed were related to the fixation and/or staining of cytological preparations for analysis. In "large" cell nuclei obtained from in vitro MXT cultures, the results indicated that the absolute values obtained from fresh material were considerably different from those obtained from archival material. On the other hand, the qualitative description of their chromatin texture did not change (Figure 2) . In the case of much smaller nuclei, such as those from in vivo FNAs, the morphometric and densitometric parameters changed in the same way, but the textural parameters changed in exactly the opposite way as a function of temperature. Therefore, contrary to expectations, it was not the biggest nuclei that gave the most aberrant results when the experimental conditions were changed. In any case, this again demonstrates that a "quantitative and objective" description of the texture of nuclear chromatin stained by the Feulgen reaction is in fact the description of an artifact that can be reproduced only when the experimental conditions are defined precisely. Thus, it is impossible to compare the chromatin of cell nuclei, even from the same type of cell, if the cells have been grown differently (in vivo vs in vitro) or subjected to different fixation andlor processing procedures. When the experimental conditions were controlled precisely, it was apparent that the time that elapses between obtaining the sample to be analyzed and its fucation can also greatly influence the results. When this time exceeded 10 sec, nuclear size and texture changed greatly. Nuclei that were relatively big and very hyperchromatic became significantly smaller and less hyperchromatic, depending on whether the time was greater or less than 10 sec (Figure 4) . This effect could be related to the state of dryness of the sample. When the time interval is less than 10 sec, it is possible that the smears are not fully dry. On the other hand, the fixation time seemed to modify the results in a less flagrant manner than what was previously reported by others (22.23,38) ( Figure 5) , and as compared with changes that occurred in the interval between smearing and fixation (Figure 4) .
The centrifugation speed used to deliver the cell suspensions to the glass slides did not significantly modify the results. In con-trast, the time of pronase digestion and the pronase concentration used to obtain such cell suspensions from archival material greatly modified the results, as expected.
In conclusion, the results described above demonstrate the absolute necessity of determining the protocol used for such procedures as obtaining, fixing, and staining cell nuclei if these nuclei are to be described with a cell image processor in a so-called objective and reproducible my. This protocol has several solutions, since there is no "absolute truth" in the experimental conditions applied routinely in laboratories involved in the diagnosis of tumor tissues. In our laboratory this protocol is twofold, depending on whether the material studied is fresh or archival. For fresh material, it becomes immersion of the sample in EFA within 10 sec, fixation for 30 min, and staining by the Feulgen reaction in which hydrolysis is performed with 6 N HCI at 24°C for 60 min. For archival material, the protocol becomes fixation in formol or EFA, embedding, sectioning at 80 pm, digestion with 0.05% pronase for 2 hr, centrifugation onto glass slides at 1200 x g for 10 min, and staining by the Feulgen reaction in which hydrolysis is performed with 6 N HCI for 60 min at 24°C.
In the present study, fresh and archival samples prepared by a given protocol show rather large variation in some cases from one series to another. At the present time we are using these two protocols to investigate the influence of the biological origin of cancers (e.g., breast, thyroid, bladder, prostate, brain) on the morphonudear parameters described above.
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